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ABSTRACT 
Design equations for fixed-ended cold-formed steel plain angle columns are 
proposed in this paper. The proposed equations are modified from the current 
design equations in the American Specification and AustralianIN ew Zealand 
Standard for cold-formed steel structures. A series of tests on cold-formed steel 
plain angle columns compressed between fixed ends is described in this paper. 
The test strengths are compared with the design strengths calculated using the 
American Specification and AustralianlNew Zealand Standard for cold-formed 
steel structures. The required additional moment as specified in the Specification 
and Standard was not included in calculating the design strengths for slender and 
non-slender angle sections. It is shown that the design strengths predicted by the 
Specification and Standard are generally very conservative. Whereas the 
proposed design equations provided much more accurate results compared with 
the current design rules for both slender and non-slender plain angle sections. 
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Cold-fonned steel structural members are used increasingly in light-weight 
construction. Cold-fonned steel members can be brake-pressed or cold-rolled 
into desirable shapes. Cold-fonned steel plain (unstiffened) angle sections are 
easy to produce by simply applying one brake-press or using minimal rollers to 
fonn the section from structural steel sheets. Although angle members are 
apparently simple structural shapes used in various applications, their design is 
quite complicated and has yet to be analysed thoroughly from the designer's 
point of view (Dhanalakshmi and Shanmugam 2001). Eccentrically loaded 
compression member tests (loading does not pass through the centroid of the 
effective section) have been perfonned on hot-rolled steel angles during the 
1980s and 90s. The steel grade of these angles was typically 250 - 300 MPa. 
The flange (leg) width-to-thickness ratio was nonnally less than 16, and the 
sections were generally considered to be non-slender. The design rules for 
concentrically loaded compression members (loading through the centroid of the 
effective sections) of angle sections in the American Specifications (AISI 1996; 
NAS 2001) and AustralianlNew Zealand Standard (AS/NZS 1996) for cold-
fonned steel structures are based on the unified approach developed by Pek6z 
(1987). An initial out-of-straightness of 111000 of the column length was 
recommended thus providing an additional moment in calculating design 
strength for angle columns. Pek6z (1987) also mentioned that a more extensive 
verification for slender angle sections is needed. 
Cold-fonned steel angles with slender cross-section have not been well 
investigated. Popovic et al. (1999) tested a series of fixed-ended and pin-ended 
cold-fonned steel plain angle columns. Both non-slender and slender sections 
were tested. In calculating the design strengths, it was recommended that the 
additional bending moment as specified in the American Specification (AISI 
1996) and AustralianlNew Zealand Standard (AS/NZS 1996) for cold-fonned 
steel structures for concentrically loaded compression members of angle 
sections should only be applied to slender sections. Popovic et al. (2001) also 
presented a series of tests on pin-ended cold-fonned steel plain angle columns 
for slender section with eccentric load, which forced the columns to bend about 
an axis parallel with the loaded leg. It was proposed that the column design rules 
in the AISI Specification and AS/NZS Standard should exclude the flexural-
torsional buckling mode from the design procedure and consider only minor axis 
flexural buckling for angle columns. 
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The purpose of this paper is to describe a series of tests on fixed-ended cold-
formed steel plain angle columns. The angle sections had the measured flat 
flange (leg) width-to-thickness ratio that ranged from 35.8 to 57.9, which are 
considered to be slender. The test results obtained by Popovic et al. (1999), 
which had the measured flat flange (leg) width-to-thickness ratio that ranged 
from 8.7 to 19.4, were also used for comparison with design strengths. The test 
strengths are compared with the design strengths obtained using the American 
Specification (AISI 1996) and AustralianlNew Zealand Standard (AS/NZS 
1996) for cold-formed steel structures. The required additional moment was not 
included in calculating the design strengths. By improving the design strengths, 
the elastic torsional buckling stress and flexural-torsional buckling stress were 
ignored in calculating the design strengths. In addition, design equations for 
concentrically loaded fixed-ended compression members of slender and non-
slender plain angle sections are proposed. 
EXPERIMENTAL INVESTIGATION 
Test Specimens and Test Rig 
The tests were performed on plain angles brake-pressed from high strength zinc-
coated grades G500 and G450 structural steel sheets having nominal yield 
stresses of 500 and 450 MPa, respectively. These structural steel sheets 
conformed to the Australian Standard AS 1397 (1993). The test specimens were 
cut to a specified length of 250, 1000, 1500, 2000, 2500, 3000 and 3500 mm. 
Both ends of the specimens were welded to 25 mm thick steel end plates to 
ensure full contact between the specimens and end bearings. The columns were 
compressed between fixed ends at various lengths from stub column to long 
column. Three series of plain angles were tested, each having a nominal flange 
(leg) width of70 mm. The nominal plate thicknesses were 1.2, 1.5 and 1.9 mm. 
The three series are labeled P1.2, P1.5 and P1.9 according to their nominal 
thickness. The measured inside comer radius (rj) was 2.6 mm for all specimens. 
Figure 1 shows the cross section of the plain angle test specimens. The measured 
cross-section dimensions and column length of each test specimen are reported 
in Young (2004). The measured flat flange (leg) width-to-thickness ratio was 
57.9, 45.0 and 35.8 for Series P1.2, P1.5 and P1.9, respectively. The shortest 
specimen lengths complied with the Structural Stability Research Council 
(SSRC) guidelines (Galambos 1998) for stub column lengths. The longest 
specimen lengths produced le/ry ratio of 122 for all the Series P1.2, P1.5 and 
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P1.9, where ley is the effective length for buckling about the minor y-axis and ry 
is the radius of gyration about the y-axis. 
A typical plain angle column test is shown in Fig. 2. A servo-controlled 
hydraulic testing machine was used to apply compressive axial force to the 
specimen. A rigid flat bearing plate was connected to the upper end support, and 
the top end plate of the specimen was bolted to the rigid flat bearing plate, which 
was restrained against the minor and major axis rotations as well as twist 
rotations and warping. Hence, the rigid flat bearing was considered to be a 
fixed-ended bearing. The load was then applied at the lower end through a 
special fixed-ended bearing. Initially, the special bearing was free to rotate in 
any direction. The ram of the actuator was moved slowly toward the specimen 
until the special bearing was in full contact with the bottom end plate of the 
specimen with an initial load of approximately 1-2 kN applied on the specimen. 
This procedure eliminated any possible gaps between the special bearing and the 
bottom end plate of the specimen. The bottom end plate of the specimen was 
bolted to the special bearing. The special bearing was then restrained from 
rotations and twisting by using vertical and horizontal bolts, respectively, to lock 
the bearing into position after full contact was achieved. Hence, the special 
bearing became a fixed-ended bearing, which was considered to be restrained 
against the minor and major axis rotations as well as twist rotations and warping. 
Displacement control was used to drive the hydraulic actuator at a constant 
speed of 0.2 mm/min. The use of displacement control allowed the tests to be 
continued in the post-ultimate range. The static load was obtained by pausing 
the applied straining for 1.5 minutes near the ultimate load. This allowed the 
stress relaxation associated with plastic straining to take place. The column tests 
are detailed in Young (2004). 
Material Properties 
The material properties of each series of specimens were determined by tensile 
coupon tests. The coupons were taken from the center of the flange plate (angle 
leg) in the longitudinal direction of the untested specimens belonging to the 
same batched as the column test specimens, as shown in Fig. 1. The coupon 
dimensions conformed to the Australian Standard AS 1391 (1991) for the tensile 
testing of metals using 12.5 mm wide coupons of gauge length 50 mm. The 
longitudinal coupons were also tested according to AS 1391 (1991) in a 300 kN 
capacity Instron UTM displacement controlled testing machine using friction 
grips. The measured material properties are summarized in Table 1. The static 
load was obtained by pausing the applied straining for 1.5 minutes near the 0.2% 
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tensile proof stress (aO.2) and the ultimate tensile strength (a,,). This allowed the 
stress relaxation associated with plastic straining to take place. The coupon tests 
are detailed in Young (2004). 
Initial Geometric Imperfections 
Initial overall geometric imperfections of the specimens were measured prior to 
testing. The geometric imperfections were measured along the flange (leg) 
junction of the specimens. Theodolites were used to obtain readings at mid-
length and near both ends of the specimens. The maximum measured overall 
imperfections at mid-length were 112950, 112150 and 1/1970 of the specimen 
length for Series P1.2, Pl.S and P1.9, respectively. 
Test Results 
The failure modes at ultimate load of the columns involved local buckling, 
flexural buckling and flexural-torsional buckling. The experimental ultimate 
loads (PExp) and failure modes of the columns are detailed in Young (2004). 
Tests Performed by Popovic et al. (1999) 
A test program on cold-formed steel plain angle columns has been performed by 
Popovic et al. (1999). The specimens were cold-rolled and in-line galvanized 
from structural steel sheets. Some of the specimens were tested under fixed-
ended conditions. Three angle sections LSOxSOx2.S, LSOxSOx4.0 and 
LSOx50x5.0 having the nominal flange (leg) widths of SO by SO mm, and the 
nominal plate thicknesses of 2.S, 4.0 and S.O mm, respectively, were tested at 
various column lengths. The plate thickness (t) was reported as equal to the 
inside comer radius (r;) of 2.34, 3.80 and 4.72 mm for sections LSOxSOx2.5, 
LSOx50x4.0 and LSOxSOxS.O, respectively. The measured flat flange (leg) 
width-to-thickness ratio was 19.4, 11.3 and 8.7 for sections LSOxSOx2.5, 
L50xSOx4.0 and L50xSOxS.0, respectively. These sections are stockier than the 
angle sections of Series P1.2, Pl.S and P1.9. The longest specimen lengths 
produced le/ry ratio of 133,91 and 93 for sections LSOxSOx2.5, LSOxSOx4.0 and 
LSOxSOxS.O, respectively. 
The material properties were obtained from the longitudinal coupons cut from 
the flat portion of the flange. The measured material properties are summarized 
in Table 1. The initial overall geometric imperfections were measured along the 
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corner of the specimens. The average measured geometric imperfection at mid-
length was 112310 of the specimen length for all the long column specimens. 
The experimental ultimate loads and failure modes of the columns as well as the 
test program are reported in Popovic et al. (1999). 
DESIGN RULES 
General 
A plain angle section having equal flange (leg) widths is considered a singly-
symmetric section. Young and Rasmussen (1998) recommended that ftxed-
ended singly-symmetric columns failing by local and overall buckling be 
designed as concentrically loaded compression members (loading through the 
centroid of the effective section) and using an effective length of one-half of the 
column length. The effective lengths (Ie) for major (lex) and minor (ley) axis 
flexural buckling as well as torsional buckling (lez) are assumed equal to one-
half of the column length (L) for the fixed-ended columns (Ie = lex = ley = lez = L / 
2), since the fixed-ended bearings are restrained against the major and minor 
axis rotations as well as twist rotations and warping. 
Pek6z (1987) developed a unified approach for the design of cold-formed steel 
members, and the unified approach is used in the American Iron and Steel 
Institute (AISI 1996) Specification, AustralianlNew Zealand Standard (ASINZS 
1996) and North American Specification (NAS 2001) for the design of cold-
formed steel structural members. In the Commentary of the NAS (2001), it is 
stated "During the development of a unified approach to the design of cold-
formed steel members, Pek6z realized the possibility of a reduction in column 
strength due to initial sweep (out-of-straightness) of angle sections. Based on an 
evaluation of the available test results, an initial out-of-straightness of LIl 000 
was recommended by Pek6z for the design of concentrically loaded compression 
angle members and beam-columns, where L is the column length." Furthermore, 
Pek6z (1987) also mentioned that a more extensive verification for angle 
sections with large flat width-to-thickness ratios is needed. 
AISI Specification and AS/NZS Standard 
The American Iron and Steel Institute (AISI 1996) Specification for the design 
of cold-formed steel structural members and the AustralianlNew Zealand 
Standard (ASINZS 1996) for cold-formed steel structures are used to calculate 
the design column strengths (Pn). The ASINZS Standard was adopted from the 
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AISI Specification. The design rules for compression members in the AS/NZS 
Standard are identical to those in the AISI Specification, except that the AS/NZS 
Standard has a separate check for distortional buckling of singly-symmetric 
sections as specified in Section 3.4.6 of the Standard. However, a plain angle 
section does not have distortional buckling. Hence, the design column strengths 
obtained from the AS/NZS Standard are identical to those obtained from the 
AISI Specification. 
It should be noted that according to the AISI Specification and AS/NZS 
Standard, concentrically loaded compression members of angle sections shall be 
designed for an additional bending moment, for which the additional moment is 
calculated as the axial load multiplied by an eccentricity of LIlOOO, where L is 
the column length. In this paper, the required additional moment was not 
included in calculating the design strengths for all columns. This is because the 
design strengths (Pn) based on loading through the centroid of the effective 
section (without considering additional moment) are much lower than the test 
strengths, as shown in Figs 3, 4 and 5 for Series P1.2, P1.5 and P1.9, 
respectively. 
The design rules for concentrically loaded compression members in the AISI 
(1996) and AS/NZS (1996) are as follows: 
The nominal axial strength (Pn) is calculated as, 
(1) 
where Ae is the effective area calculated at the critical buckling stress (Fn) for 
long column (member capacity), and Ae calculated at the yield stress (Fy) for 
stub column (section capacity). The yield stress is taken as the 0.2% proof stress 
(0"0.2). The effective area that accounts for local instability can be computed in 
accordance with Section B3 of the AISI Specification and Section 2.3 of the 
AS/NZS Standard, which based on the Winter's effective width formula (Winter 




For Ac > 1.5 => F =[0.877]F 
n A~ y (3) 
where the non-dimensional slenderness (Ac) is given as, 
(4) 
where Fy is the yield stress and Fe is the least of the elastic flexural, torsional 
and flexural-torsional buckling (also known as torsional-flexural buckling) stress 
determined in accordance with Sections C4.1-C4.3 of the AISI Specification and 
Sections 3.4.1-3.4.4 of the AS/NZS Standard. The design equations for 
calculating the critical inelastic and elastic buckling stresses in Eqns (2) and (3), 
respectively, were adopted from the American Institute of Steel Construction 
(AISC 1993) load and resistance factor design Specification for structural steel 
buildings. The reasons for adopting the design equations are detailed in Yu 
(2000). 
NAS Specification 
The North American Specification (NAS 2001) for the design of cold-formed 
steel structural members was largely based on the AISI (1996) Specification. In 
the NAS Specification, the design rules for concentrically loaded compression 
members in Eqns (1-4) are identical to those in the AISI Specification, except 
that the NAS Specification has new design recommendations for singly-
symmetric plain (unstiffened) angle sections. 
Popovic et al. (1999) recommended that for the design of concentrically loaded 
compression members in the AISI Specification and AS/NZS Standard, the 
required additional moment about the minor axis causing compression in the tips 
of the angle legs should only be applied to slender sections, for which the 
effective area at yield stress (0.2% proof stress) is less than the full unreduced 
cross-section area. This recommendation has been adopted by the North 
American Specification (NAS 2001) for designing cold-formed steel plain angle 
columns. As mentioned earlier, Popovic et al. (1999) tested a series of fixed-
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ended cold-formed steel angle columns. It was found that the effective area at 
yield stress was 64% and 93% of the full unreduced cross-section area for 
sections L50x50x2.5 and L50x50x4.0, respectively. Hence, these sections are 
considered to be slender. For section L50x50x5.0, the effective area at yield 
stress is equal to the full unreduced cross-section area; hence, this section is 
considered to be non-slender. For the cold-formed steel angle sections tested by 
the author, the effective area at yield stress was 23%, 29% and 35% of the full 
umeduced cross-section area for Series P1.2, P1.5 and P1.9, respectively. 
Hence, these angle sections are more slender than those investigated by Popovic 
et al. (1999). It was recommended by Popovic et al. (1999) that the additional 
moment should only be applied to slender sections, however, this 
recommendation was not included in calculating the design strengths (Pn) for the 
aforementioned slender and non-slender sections, since the design strengths 
without considering the additional moment are already much lower than the test 
strengths, as mentioned earlier. 
Proposed Design Rules 
Popovic et al. (2001) presented a series of tests on pin-ended cold-formed steel 
angle columns with eccentric load, which forced the columns to bend about an 
axis parallel with the loaded leg. The slender angle section 50x50x2.5 was 
tested. It was recommended that the column design rules in the AISI 
Specification and AS/NZS Standard to exclude the flexural-torsional buckling 
mode from the design procedure and consider only minor axis flexural buckling 
for angle columns. It was also stated that the method recommended is still very 
conservative, and suggested that it may be required to completely redefine the 
design procedure for angles bent about a parallel leg. This recommendation is 
also adopted by the NAS Specification for the design of concentrically loaded 
compression members of single-symmetric plain (unstiffened) angle sections, 
where the elastic buckling stress shall be computed based on flexural buckling 
alone for non-slender sections (the effective area at yield stress is equal to the 
full umeduced cross-section area). This recommendation is used in calculating 
the column design strengths (PF) for the fixed-ended cold-formed steel slender 
angle sections L50x50x2.5, L50x50x4.0 and Series P1.2, P1.5 and P1.9 as well 
as for the non-slender section L50x50x5.0, as shown in Figs 3-8. Generally, the 
column design strengths (PF) are unconservative for the slender sections, but 
conservative for the non-slender section. Hence, design equations are proposed 
in this paper by modifying the critical inelastic and elastic buckling stresses in 




n A~ y (6) 
where the non-dimensional slenderness (Ae) is identical to that in Eqn (4), except 
that the elastic buckling stress (Fe) is determined from the flexural buckling only 
in accordance with Section C4.1 of the NAS and AISI Specifications and 
Section 3.4.2 of the AS/NZS Standard. The proposed column design strengths 
(Pp) were then computed as Pp = Ae Fn. The proposed design equations require 
only small modifications to the current critical inelastic and elastic buckling 
stresses equations. In Eqns (2) and (3), the values of 0.658 and 0.877 have been 
changed to a value of 0.5, and the non-dimensional slenderness (Ae) has been 
adjusted to 1.4 for a smooth transition of the elastic and inelastic buckling 
stresses. The proposed column design strengths (Pp) were calculated for both the 
slender and non-slender sections, as shown in Figs 3-8. The design strengths (Pm 
PF, Pp) were calculated using the average measured cross-section dimensions 
and the measured material properties. The base metal thickness was used in the 
calculation. 
RELIABILITY ANALYSIS 
A reliability analysis was performed to assess the current and proposed design 
rules for cold-formed steel plain angle columns. The reliability of the design 
rules is measured by a reliability index (~). A target reliability index of 2.5 for 
structural members in the NAS (2001) Specification for the United States is 
recommended as a lower limit. The resistance factor (<I>c) of 0.85 is used in the 
analysis for concentrically loaded compression members, which is given by the 
NAS (2001) Specification, AISI (1996) Specification and AS/NZS (1996) 
Standard. A load combinations of 1.2DL + 1.6LL as specified in the American 
Society of Civil Engineers Standard (ASCE 1998) is used in the reliability 
analysis, where DL is the dead load and LL is the live load. The statistical 
parameters used in the reliability analysis are detailed in Young (2004). 
COMPARISON OF TEST STRENGTHS WITH DESIGN STRENGTHS 
The fixed-ended column test strengths (PExp) are compared with the nominal 
(unfactored) design strengths (Pn) obtained using the American Specification 
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(AISI 1996) and AustralianlNew Zealand Standard (AS/NZS 1996) for cold-
formed steel structures, as shown in Figs 3-8. In Figs 3-8, the test strengths and 
design strengths are non-dimensionalized with respect to the nominal stub 
column design strength (section capacity) P" in which Ps = AeFy where Ae is the 
effective area calculated at yield stress (Fy), as shown on the vertical axis of Figs 
3-8, while the horizontal axis is plotted as Ielry, where Ie is the effective length 
assumed to be equal to one-half of the column length and ry is the radius of 
gyration about the minor principal y-axis. The values of effective area (A e) 
calculated at yield stress are 37.6, S9.7 and 93.7 mm2 for Series P1.2, P1.S and 
P1.9, respectively. The values of Ps are 20.7, 31.7 and 46.9 kN for Series P1.2, 
P1.5 and P1.9, respectively, and the value of ry is approximately 14 mm for 
Series P1.2, P1.5 and P1.9. The values of effective area (A e) calculated at yield 
stress are 144.0, 335.2 and 440.1 mm2 for angle sections L50xSOx2.S, 
LSOxSOx4.0 and LSOxSOxS.O, respectively. The values of Ps are S7.0, l30.1 and 
170.8 kN for angle sections LSOxSOx2.S, LSOxSOx4.0 and LSOx50xS.0, 
respectively, and the value of ry is approximately 10 rom for angle sections 
LSOxSOx2.S, LSOxSOx4.0 and LSOxSOxS.O. 
Generally, it is shown that the design strengths Pn predicted by the AISI 
Specification and AS/NZS Standard are very conservative for all column lengths 
for Series P1.2, P1.S and P1.9, and conservative for short (lJry ~ 40) and 
intermediate (40 < leIry ~ 80) column lengths for angle sections LSOxSOx2.S, 
LSOxSOx4.0 and LSOx50x5.0, as shown in Figs 3-8. The mean values of PExp I 
Pn ratio are S.SO, 3.97 and 3.13 with the very large coefficients of variation 
(COV) of 0.434, 0.469 and 0.S06, and the corresponding values of reliability 
index (~) are 4.11, 3.12 and 2.68 for Series P1.2, P1.S and P1.9, respectively. 
The mean values of PExpl Pn ratio are 1.47, 1.27 and 1.16 with the large COY of 
0.381, 0.2S2 and 0.20S; and the corresponding values of ~ index are 1.99,2.01 
and 2.08 for angle sections LSOxSOx2.S, LSOxSOx4.0 and LSOx50xS.0, 
respectively. As mentioned earlier, the additional moment was not included in 
calculating the design strengths. They would be even more conservative if the 
additional moment were included in the calculation. 
The nominal design axial strength (Pn) was calculated based on the least of the 
elastic minor principal axis flexural, torsional and flexural-torsional buckling 
stress. It was found that the values of the elastic torsional buckling stress and 
flexural-torsional buckling stress are much lower than the value of the elastic 
flexural buckling stress at any given column length for Series P 1.2, P 1.S and 
PI. 9. The values of the elastic flexural-torsional buckling stress is slightly lower 
than the elastic torsional buckling stress, in which flexural-torsional buckling 
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controls the failure mode for Series P1.2, P1.5 and P1.9. For the short column 
length having a lelry ratio of 8.7 (L = 250 mm), the elastic torsional buckling 
stress and flexural-torsional buckling stress is only 0.1 - 0.2 % of the elastic 
flexural buckling stress, and for the long column length having a lelry ratio of 
122 (L = 3500 mm), the elastic torsional buckling stress and flexural-torsional 
buckling stress is 15% - 40% of the elastic flexural buckling stress for Series 
P1.2, P1.5 and P1.9. Hence, it was considered to remove the elastic torsional 
buckling stress and flexural-torsional buckling stress in calculating the design 
strengths. Popovic et al. (2001) stated that by ignoring the flexural-torsional 
buckling stress in computing the column strength does not imply that torsion is 
ignored in the design procedure, since local buckling is considered in 
determining the effective area, and the local mode is identical to the torsional 
mode at vanishing lengths. 
The test strengths are also compared with the nominal (unfactored) design 
strengths (PF) obtained by considering the flexural buckling only when 
calculating the elastic buckling stress (Fe) in Eqn (4), as shown in Figs 3-8. By 
considering the flexural buckling only, the design strengths improved 
substantially for short and intermediate column lengths, as shown in Figs 3-8. 
The improvement is more obvious for slender sections. It is shown that the 
design strengths are generally conservative for short column lengths, but 
unconservative for intermediate and long column lengths for all angle sections. 
The mean values of PExp / PF ratio are 0.93, 0.94 and 0.92 with the COY of 
0.166,0.184 and 0.260, and the corresponding values of /3 index are 1.93, 1.81 
and 1.46 for Series P1.2, P1.5 and P1.9, respectively. The mean values of PExp / 
PFratio are 0.99,1.10 and 1.05 with the COY of 0.182, 0.129 and 0.096, and the 
corresponding values of /3 index are 2.01, 2.48 and 2.58 for angle sections 
L50x50x2.5, L50x50x4.0 and L50x50x5.0, respectively. Generally, this design 
method is reliable for non-slender section L50x50x5.0, but not for the slender 
sections. 
The design strengths (Pn) predicted by the AISI Specification and AS/NZS 
Standard are generally quite conservative for all column lengths, and the design 
strengths (PF) obtained by considering the flexural buckling only are generally 
conservative for short column lengths, but unconservative for intermediate and 
long column lengths. Hence, design equations for fixed-ended cold-formed steel 
plain angle columns are proposed in this paper. The design strengths (Pp) 
obtained using the proposed equations (5) and (6) are compared with the test 
strengths, as shown in Figs 3-8. The proposed design strengths are generally 
conservative for all angle columns. The mean values of PExp / Pp ratio are 1.11, 
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1.13 and 1.06 with the COY of 0.112, 0.099 and 0.123, and the corresponding 
values of P index are 2.87, 2.96 and 2.60 for Series P1.2, P1.5 and P1.9, 
respectively. The mean values of PExp / Pp ratio are 1.21, 1.28 and 1.25 with the 
COY of 0.220, 0.066 and 0.137, and the corresponding values of P index are 
2.39, 3.58 and 2.83 for angle sections L50x50x2.5, L50x50x4.0 and 
L50x50x5.0, respectively. Generally, the proposed design rules are reliable for 
both slender and non-slender sections. 
CONCLUSIONS AND DESIGN RECOMMENDATIONS 
A test program on fixed-ended cold-formed steel plain (unstiffened) angle 
columns has been described. The measured flat flange (leg) width-to-thickness 
ratio was 57.9, 45.0 and 35.8 for angle sections 70x70x1.2 (Series P1.2), 
70x70x 1.5 (Series P1.5) and 70x70x 1.9 (Series P1.9), respectively. In addition, 
the test results obtained by Popovic et al. (1999) were used to compare with 
design strengths. The tests were performed on fixed-ended cold-formed steel 
plain angle columns. The measured flat flange (leg) width-to-thickness ratio was 
19.4,11.3 and 8.7 for angle sections L50x50x2.5, L50x50x4.0 and L50x50x5.0, 
respectively. The angle sections investigated in this paper are considered to be 
slender, except for section L50x50x5.0. 
The test strengths were compared with the design strengths obtained using the 
American Iron and Steel Institute (AISI 1996) Specification and the 
AustralianlNew Zealand Standard (AS/NZS 1996) for cold-formed steel 
structures. The required additional bending moment was not included in 
calculating the design strengths. It is demonstrated that the design strengths 
obtained using the AISI Specification and AS/NZS Standard are generally very 
conservative for all column lengths for Series P1.2, P1.5 and P1.9, and 
conservative for short and intermediate column lengths for angle sections 
L50x50x2.5, L50x50x4.0 and L50x50x5.0. Hence, the elastic torsional buckling 
stress and flexural-torsional buckling stress were ignored in calculating the 
design strengths. It is shown that by considering the flexural buckling mode 
only, the design strengths improved substantially for short and intermediate 
column lengths. The design strengths are generally conservative for short 
column lengths, but unconservative for intermediate and long column lengths. 
Generally, this design method is reliable for the non-slender section, but not for 
the slender sections. 
Design rules for concentrically loaded compression members of fixed-ended 
cold-formed steel plain angle sections have been proposed in this paper. The 
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proposed design equations require only small modifications to the current 
critical inelastic and elastic buckling stresses equations in the NAS 
Specification, AISI Specification and AS/NZS Standard. The proposed design 
strengths are generally conservative for all column lengths for both slender and 
non-slender sections having the flat flange (leg) width-to-thickness ratio ranged 
from 8.7 to 57.9. It is also shown that the proposed design rules are generally 
reliable using reliability analysis. Hence, it is recommended that the proposed 
design equations be used for concentrically loaded compression members of 
cold-formed steel singly-symmetric plain (unstiffened) angle sections, and the 
elastic torsional buckling stress and flexural-torsional buckling stress can be 
ignored (by considering the flexural buckling only) in calculating the design 
strengths for both slender and non-slender sections. It is also recommended that 
the additional moment calculated using the axial load multiplied by an 
eccentricity of 111000 of column length can also be ignored in calculating the 
column design strengths for both slender and non-slender cold-formed steel 
plain angle sections. The proposed design rules are much more simpler than the 
current design rules. 
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APPENDIX - NOT A TION 
The following symbols are used in this paper: 
Ae = effective area; 
Bf = overall width of flange (leg); 
E = Young's modulus; 
Fe = elastic buckling stress; 
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Fn = critical (nominal) buckling stress; 
Fy = yield stress is taken as 0.2% proof stress (0'0.2); 
L = length of column specimen; 
Ie = colunm effective length; 
ley, lex = column effective length for buckling about the minor y-axis and major 
x-axis; 
lez = column effective length for torsional buckling; 
P = axial compressive load; 
PExp = experimental ultimate load (test strength); 
PF = nominal design strengths by considering the flexural buckling only 
(tmfactored design strength); 
Pn = nominal axial strength calculated using American Iron and Steel 
Institute Specification and AustralianlNew Zealand Standard 
(unfactored design strength); 
Pp = proposed design strengths (unfactored design strength); 
Ps = nominal stub column design strength (section capacity); 
rj = inside comer radius of specimen; 
ry = radius of gyration about the minor y-axis; 
t = plate thickness of specimen; 
x, y = principal coordinates; 
f3 = reliability index (safety index); 
E = elongation (tensile strain) after fracture based on gauge length of 
50mm; 
~c = resistance (capacity) factor; 
/tc = non-dimensional slenderness; 
0'0.2 = static 0.2% tensile proof stress; and 
a" = static ultimate tensile strength. 
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Test Series E 0"0.2 O"u E 
(GPa) (MPa) (MPa) (%) 
P1.2 208 550 575 10 
P1.5 207 530 550 11 
P1.9 208 500 530 11 
L50x50x2.5* 208 396 475 23 
L50x50x4.0* 212 388 453 26 
L50x50x5.0* 207 388 465 28 
Note: 1 ksi = 6.89 MPa; *Popovic et al. (1999). 




Fig. 1. Plain angle section and location of tensile coupon 
in cross section 
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. Fig. 2. Typical plain angle column test 
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Fig. 4. Comparison of test strengths with design strengths for Series P1.5 
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Fig. 5. Comparison of test strengths with design strengths for Series P1.9 
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Fig. 8. Comparison of test strengths with design strengths for angle 
sections L50x50x5.0 

